[1] We present results from the modeling of ground deformation and microgravimetric data recorded at Campi Flegrei in order to assess the causative phenomena of caldera unrest between 1981 and 2001. We find that residual gravity changes during ground uplift (1982)(1983)(1984) are indicative of mass changes in a hybrid of magmatic and hydrothermal sources. During deflation between 1985 and 2001, the inversion of gravity residuals for a single source does not provide convincing results. We then performed the joint inversion of gravity and deformation data for multiple spherical sources and refined source parameters by finite element modeling in order to mitigate against limitations of the analytical solutions. The data recorded during inflation and rapid deflation may be best explained by mass and pressure changes in a deep magmatic source at about 5 km depth and a shallow (2 km deep) hydrothermal source. Both sources contribute equally to the gravity changes observed between 1982 and 1984; the contemporary uplift appears to be mainly caused by the shallow source. The subsequent deflation is dominated by a pressure decrease in the hydrothermal source; the magmatic source contributes chiefly to the observed gravity changes. Pressure and density variations within multiple shallow-seated hydrothermal sources provide acceptable fits to the deflation and accompanying gravity changes recorded since 1988. These shallow level dynamics also appear to trigger spatially and temporarily random short-term reversals of the overall mode of ground subsidence since 1985. Our analysis does not support the idea of magmatic contributions to these short-lived periods of inflation.
Introduction
[2] Campi Flegrei (Phlegrean Fields) is a complex resurgent caldera structure, which was formed during two main collapse events at 37 and 12 ka [Rosi et al., 1983] . In addition to these large-scale eruptions, the caldera hosted numerous smaller explosive eruptions during the last 10 kyr. The Campi Flegrei caldera (CFC) is renowned for its unrest including continuous ground deformation for at least 2000 years [Parascandola, 1947] , which is chiefly manifest by slow deflation. Twentieth century subsidence was at an average rate of $15 mm yr À1 centered at ''Serapeo,'' an ancient Roman temple near the harbor of Pozzuoli (Figure 1 ).
[3] Superimposed on the overall trend of deflation, are periods of uplift in the early 1500s [Di Vito et al., 1987] and since 1969 [Di Vito et al., 1999] . A total of 8 m of inflation culminated in the eruption and formation of the Monte Nuovo cone in 1538 A.D. [Di Vito et al., 1987] . See, for example, Dvorak and Gasparini [1991] and Dvorak and Berrino [1991] for detailed accounts on historic deformation data at the CFC. The latest periods of tumescence from 1970-1972 and 1982 -1984 have resulted in a net uplift of 3.5 m focused on the caldera center at Serapeo. Both these recent periods were characterized by episodes of rapid uplift at a rate of almost 1 m yr À1 but were not accompanied by volcanic activity. Microgravity data revealed significant net gravity changes alongside the observed deformation during the later period (1982) (1983) (1984) [Berrino, 1994] as well as during the subsequent fast deflation between 1985 and 1987. These changes were interpreted by some authors to result from mass/density/pressure changes within the subsurface magmatic reservoir [Corrado et al., 1977; Berrino et al., 1984; Berrino, 1994; Dvorak and Berrino, 1991] . Others have concluded that changes within subsurface hydrothermal systems may equally well account for the observed inflation and deflation cycle [Bonafede and Mazzanti, 1998 ].
[4] A similar controversy accompanies the interpretation of geodetic data obtained during slow deflation at the ''background'' rate since 1988 [Berrino, 1994; Dvorak and Berrino, 1991; Bonafede and Mazzanti, 1998; Lundgren et al., 2001] . See Gottsmann et al. [2003] for a short review on recent interpretations of the data. In terms of hazard assessment at the CFC it is essential to constrain the nature of the source responsible for the observed unrest. Here, the combined evaluation of gravity and ground deformation data can provide useful insights into the nature of the source of caldera unrest [Battaglia et al., 2003a [Battaglia et al., , 2003b Fernandez et al., 2001a; Tiampo et al., 2000; Gottsmann et al., 2003 Gottsmann et al., , 2006a . [5] In this paper we analyze gravity-height data from the CFC obtained between 1981 and 2001 and reported by Berrino et al. [1984] , Berrino [1994] and Gottsmann et al. [2003] . The latter paper also presents a detailed review of the network of the 16 joint gravity and elevation benchmarks ( Figure 1 ) as well as information on the measurement protocols and information on individual benchmark occupations during each survey. Building on earlier work dedicated to the analysis of deformation data [Gottsmann et al., 2006a] , we here present and compare results obtained from first separate and then joint gravimetric and ground deformation data inversion. Our starting point is the separate inversion of the two independent data sets for a single source. Our final step is to consider a multiple source scenario in which gravity and vertical displacements data are inverted simultaneously.
[6] The comprehensive modeling presented here enables for the first time the assessment of the nature of the source(s) causative for unrest between 1981 and 2001, via the quantification of source density and the validation of deduced source parameters against information from other observations.
[7] All modeling presented in this paper is performed within the mathematical framework of isotropic linear elasticity. Under certain assumptions, the equations that govern elastic ground deformation and gravity changes permit analytical solutions. Simplified physical models having analytical solutions (e.g., the Mogi model [Mogi, 1958] ) are extremely popular and facilitate enormously the solution of the inverse problem. However the price to pay for this simplicity is that particular assumptions and working hypotheses need to be fulfilled for the models to be valid. An important but often ignored point is that after solving for the inverse problem (whether using single or multiple sources), it is essential to check parameter values obtained by the inversion via numerical techniques. For example, in the particular and simplest case of the Mogi model, the obtained parameters must be consistent with the point source hypothesis. In order to ensure compliance here, we follow a two-step approach. First, we invert gravityheight data using analytical solutions. Second, we refine the initial analytical fit using a 3-D finite element model, which is not dependent on assumptions of a point source or a planar surface topography.
Separate Inversion for a Single Source

Previous Results From Inversion of Deformation Data
[8] In a recent paper, Gottsmann et al. [2006a] presented results from the inversion of vertical and horizontal ground deformation data obtained between 1981 and 2001 for different axisymmetric source geometries located in a half-space as defined above. Parameter values deduced from the inversion were critically evaluated against the definition of realistic physical values such as rock strength. The inversion for a prolate spheroid source located about 800 m southeast of Pozzuoli (Figure 1) provided the best fitting model to the measured deformation. One of the key findings was that this source must extend to shallow depths into the hydrothermal system beneath CF, which has been probed by a number of boreholes [Chelini and Sbrana, 1987] in the area. Source parameters of the spheroid body of dilatation are reported in Table 1 . After correction for Earth tides, the difference in gravity observed between a benchmark and the reference station (Dg obs ) is the sum of different gravitational components. In order to extract the gravity signal produced by the subsurface mass and/or density change, gravity residuals need to be quantified. The residual gravity change at each station (Dg r ) is obtained via
where Dg FA is the local free-air gravity gradient (À290 ± 5 mGal m À1 ; Berrino et al. [1984] ; 1 mGal = 10 À8 m s
À2
), U z is the vertical displacement, Dg wt is the groundwater table effect. Note that in equation (1) we have neglected the gravity effect due to the deformation and the propagation of density boundaries, which for the case of an isotropic source situated in an homogenous half-space is zero [Walsh and Rice, 1979] .
[10] The contribution of Dg wt to Dg obs is difficult to assess for the CFC, because a rigorous monitoring of water table level variations between surveys was not performed although there is indication of seasonal groundwater level changes, Dq, during inflation of up to 0.6 m (G. Berrino, personal communication, 2004) . This fluctuation would cause a gravity change of up to 20 mGal if gravity readings are taken in different seasons as is the case for the CFC data. The deduced gravity change is calculated by assuming an unconfined aquifer, an effective void fraction, f, of 0.4 in permeable caldera fill rocks and a water density, r w , of 1000 kg m À3 (Dg wt = 2pGr w fDq). In another study, Gottsmann et al. [2003] identified short-wavelength gravity changes on the order of one to a few months of at least 20 mGal accompanied by insignificant height changes throughout the time period under consideration here. A critical assessment of possible causes led the authors to conclude that these gravity changes are most likely associated with mass/pressure changes within shallow hydrothermal systems. Their line of agreement is in agreement with results presented by Gaeta et al. [2003] , who conclude that supercritical behavior in shallow hydrothermal systems is most likely to trigger short-wavelength unrest at the CFC.
[11] Adding the possible effects of seasonal water table level fluctuations and short-wavelength hydrothermal activity on the observed gravity changes, we correct the gravity data for the period January 1982 to July 1984 by Dg wt = 20 mGal. The limitation of the correction to this period of inflation is warranted by the consistently positive gravity changes recorded during that time. In comparison, a recent study on the Long Valley caldera [Battaglia et al., 2003b] reports water table correction for gravimetric data between 5 and 60 mGal. Because of the absence of information on water table level variations in addition to the notion of short-term gravity increases and decreases between 1985 and 2001, we refrained from correcting Dg obs for the effect of Dg wt . The resultant residual gravity changes are hence entirely attributed to dynamics occurring at greater depth. As a direct consequence, source densities constrained from gravity data collected during rapid and slow deflation must be seen as representing maximum values.
Data Analysis and Error Estimation
[12] The gravity data used to obtain Dg obs have a reported uncertainty of <10 mGal [Berrino et al., 1984; Berrino, 1994] . Rather than using for example the residual change obtained between January 1981 and July 1984 (inflation) we have used a linear fit to all data obtained at each benchmark between the two datums. Our best fit values are within ±5 mGal of the actual residuals for inflation and rapid deflation (between January 1985 and November 1987) . The Dg obs values between January 1988 and March 2001 (slow deflation) are associated with large gravity variations between individual surveys of up to 80 mGal ( Figure 2 ) yet negligible deformation [Gottsmann et al., 2003] . For the latter period of unrest we consider the fitted values more appropriate for inversion, because the smoothing process removes the larger noise of this part of the data set ( Figure 2 ) [Gottsmann et al., 2005] . After propagating all errors (deformation and gravity measurements errors, correction errors and fitting errors) we attribute a ±20 mGal error to the residual values for both inflation and rapid deflation and a ±30 mGal error for slow deflation. We employed a bootstrap percentile method [Efron and Tibshirani, 1986] in order to estimate confidence bounds on the model parameters.
Data Inversion
[13] We invert the residual gravity changes for the best fitting model of a spheroid source obtained from the inversion of the deformation data [Gottsmann et al., 2006a] using the algorithm presented in Clark et al. [1986]. The analytical expression is given in the Appendix. A grid search algorithm was applied to constrain the location (Table 1 ) and geometry of the source within the uncertainties of the source parameters (95% confidence bound on depth of 2.0-4.2 km and aspect ratio b/a of 0.37 -0.69) obtained from the inversion of the deformation data [Gottsmann et al., 2006a] during the periods of inflation (1982 -1984) , rapid deflation (1985) (1986) (1987) and slow deflation (1988 -2001) reported by Gottsmann et al.
[2003] using a least squares criterion
where s is the precision of the observations as quantified above, n is the total number of observations, and C i and E i are the calculated and expected values, respectively. The solution giving the smallest c 2 was selected for each episode.
[14] In order to compare quality of fits obtained from the individual models we use a reduced chi-square criterion
where n is the number of observations and m is the number of free parameters of the models. The difference n À m is the number of degrees of freedom for each model. The total number of benchmarks of the network evolved from less than 10 in 1981 [Berrino et al., 1984] to 18 in 2001 [Gottsmann et al., 2003] . We only employ data from those benchmarks which have been occupied such that they cover the entire period of the phenomenon under investigation. As a consequence, data from only 8 benchmarks are used for inversion of data covering both inflation and rapid deflation. Slow deflation is modeled using data from a total of 9 benchmarks.
Results and Interpretation
[15] Inverting the gravity data for the three different modes of ground deformation permits a crude investigation of the relationship between temporal density variations and subsurface physicochemical processes in the source and thus enables the assessment of their nature.
[16] We obtain a mass increase of 11.5 Â 10 10 kg during inflation (95% confidence bounds of 9.4-13.9 Â 10 10 kg), a decrease of 5.6 Â 10 10 kg (95% confidence bounds of 4.5-6.8 Â 10 10 kg) during rapid deflation and a decrease of 3.7 Â 10 10 kg (95% confidence bounds of 2.7 -4.6 Â 10 10 kg) during slow deflation. Resulting source densities are reported in Table 1 . The error on these deduced values is about 30% for inflation and rapid deflation, and $35% for slow deflation. The model fits to the data obtained at the benchmarks occupied during the respective deformation periods are shown in Figure 3 . 2.3.1. Inflation (1982) (1983) (1984) and Rapid Deflation (1985 -1987) [17] The deduced source density constrained for inflation is 1630 kg m
À3
. Gottsmann et al. [2003] conclude that magma densities for highly evolved magmas at the CFC are around 2300 kg m À3 for depths of 3 -4 km. More basic composition will obviously have higher densities. We argue that the source density during inflation is too low for a purely magmatic signature. Vesiculation of a volatile-rich magma can in our view be excluded as a possible match for the derived low density value as a vesiculation at such shallow source depths would generate overpressures high enough to propagate cracks to the surface and to initiate a volcanic eruption. In addition, borehole data does not suggest the presence of a magmatic body at depths of less than 3000 m [Chelini and Sbrana, 1987] .
[18] Densities of aqueous fluids at pressure of 5 -8 MPa consistent with the modeled source depth ($3 km) are around 1000 kg m À3 if a temperature of !570 K [Chelini and Sbrana, 1987] is assumed. Supercritical fluid densities may be as low as 600 kg m À3 [Zhang and Frantz, 1987] , which would represent a lower bound on the deduced density value. The upper bound may be represented by hypersaline brines, which may reach values of 1400 kg m À3 . We conclude that the density derived from the gravity inversion for the period of inflation is likely to be too high to account for a purely hydrothermal origin.
[19] The density is more suggestive of a hybrid source with contributions from both magmatic and hydrothermal components. The modeled densities could represent an average density value of an spheroid envelope or aureole Figure 3 . Fit from inversion for prolate spheroid source to residual gravity changes of the three episodes of deformation: (a) inflation (1982) (1983) (1984) , (b) rapid deflation (1985) (1986) (1987) , and (c) slow deflation (1988 -2001) .
of inelastically yielding rocks [Davis, 1986; Yang et al., 1988] . One could for example imagine the geological scenario of a deeper-seated magmatic source coupling into a shallower hydrothermal source. We investigate this scenario in section 3.
[20] A density of 2950 kg m À3 for the period of rapid deflation is indicative of a purely magmatic source. However, the residual gravity values derived from Dg obs vary substantially as a function of distance from the source and one may argue that a single source scenario may again be inappropriate to explain the residual gravity changes. 2.3.2. Slow Deflation (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) [21] As for the period of rapid deflation a single source does not provide a convincing explanation for the gravity data obtained during slow deflation (Figure 3 ). Some stations show positive gravity residuals, while others show negative values for the same time period and similar distance from the source. Subsurface mass/density changes within multiple sources beneath the caldera for the period of slow deflation represent a more plausible scenario.
Joint Inversion for Multiple Sources
[22] In order to investigate the geological scenario of a hybrid composed of one deeper (e.g., magmatic) and one shallower (e.g., hydrothermal) source as a cause for the observed inflation and gravity changes, we apply a joint inversion of both gravity and deformation data for multiple sources. We decouple the spheroidal source into two point sources [Mogi, 1958] with independent locations x i , y i , z i (i = 1 or 2), and mass/volume changes.
[23] Similar to the single-source inversion, a grid search algorithm was applied to constrain the locations and depths of the two source via the least squares using a unit pressure and unit mass change at each grid data point. Once a region with similar and small c 2 results was identified, a grid refining technique was applied by reducing the grid node distances from 1000 to 100 m and the model parameters were then varied independently. Finally, the solution giving the smallest c 2 was selected. The inversion results are then validated and corrected by means of numerical solutions in order to overcome limitations of the Mogi model as outlined below. In the same way we apply the inversion to two independent point sources for the periods of rapid and slow deflation in order to assess whether we obtain a better fit to the data than with the single source model.
[24] Vertical surface deformation (U z i ) [Mogi, 1958] and associated residual gravity changes (Dg r i ) [Eggers, 1987] due to the dilatation of each point source placed in an elastic medium having equal Lamé parameters (l = m) are given by
and
DV i is the volume change and r i and z i are the density and the depth of each source, respectively. The depth corresponds to the distance of the center of the source to the free surface. G is the gravitational constant and
where x b and y b are the Cartesian coordinates of those benchmarks (b = 1, 2, . . .) where measurements cover the respective periods of deformation. x i and y i are the Cartesian coordinates of the surface projection of the center of each source.
[25] The procedure requires inversion of 10 independent variables (each of two sources for x i , y i , z i , r i , DV i ). Such a task is difficult to achieve within a reasonable computation time. For example, imagine that each parameter is free to have three different values, the inversion would propagate over 3
10 different values. With more degrees of freedom per parameter the computational requirements increase accordingly and other techniques such as genetic algorithms are potentially more appropriate to model such complex scenarios [Tiampo et al., 2000] . In order to decrease the computation time we have defined constraints for some source parameters. This approach is warranted by our primary interest in exploring possible scenarios that are geophysically, geochemically, and geologically plausible.
3.1. Modeling Constraints 3.1.1. Inflation (1982 -1984) [26] The scenario used is of two separate stacked sources to account for the observed ground deformation and gravity changes. Constraints were defined for pressure increase and source radii:
[27] 1. Following the approach presented by Gottsmann et al. [2005] , we conclude that for the period of inflation the maximum allowable pressure increase equals or is less than the tensile strength of the surrounding materials. In the absence of significant crack generation or penetration to the free surface during inflation we have defined a limiting pressure increase of 40 MPa. A pressure change DP in a spherical source is related to the volume change by [Mogi, 1958; McTigue, 1987] 
where a is the source radius and m is the shear modulus (10 GPa; see Gottsmann et al. [2006a] for a discussion). We use the maximum allowable pressure increase as a datum in order to relate pressure changes associated with the subsequent deflation.
[28] 2. We have also constrained upper bounds for the radii of the two sources in order to limit near-field interference of the displacement and gravity fields of the two sources as well as to provide an upper limit to the extension of sources below the free surface. We have constrained the maximum allowable source radii such that the upper surface of a sphere is at a depth of not less than 400 m. In the case of vertical or subvertical alignment of the two sources the radius of the deeper sphere is constrained such that its upper surface is at a minimum depth of 4000 m. The minimum distance between the lower surface of the shallow source and the upper surface of the deep source is thus equal to or larger than 400 m. We have chosen the 4000 m limit based on results presented by Cassano and La Torre [1987] , Ferrucci et al. [1992] , and Vanorio et al. [2005] , who propose the existence of a shallow magma reservoir with its top at 4 -5 km depth beneath the caldera. 3.1.2. Deflation (1988 Deflation ( -2001 [29] For both periods of deflation, constraints on model parameters where the same as during the inversion of inflation data; i.e., allowable minimum source depth. Source pressure changes are related to the previous quantified pressure increases, if source locations coincide with or are within an acceptable distance from the source location deduced during inflation (i.e., 300 m). The sources are then treated to be self-similar. Pressure changes in sources other than those modelled for the inflation period were calculated based on a maximum allowable radius as described in the previous paragraph.
Results
[30] Tables 2 and 3 present the source parameters as well as the individual contributions of each source to the observed ground deformation and residual gravity changes for the period of inflation. The location of the sources and their geometrical extent for the investigated periods of unrest are shown in Figure 4 . The best fit of the joint inversion proposes a shallow source situated at 2 km depth and a deep source at 5.3 km. The deeper source is offset to the north with respect to the shallow source, resulting in a slight inclination of a virtual spheroid drawn around the two sources to the north. It is interesting to note that Gottsmann et al. [2005] have found a northward dipping spheroid source to provide the same quality of fit to the observed deformation data as a vertical prolate spheroid.
[31] The total subsurface volume change of 60 ± 2 Â 10 6 m 3 is almost equally split between the two sources. One well-known weakness of the spherical source model is that results on deformation are nonunique, i.e., the individual effects of pressure and source radius on volume change are undistinguishable. In our case, the 40 MPa upper bound gives, according to (7), source radii of $1300 m and 1400 m, respectively. The modeled densities are 1400 ± 50 for the shallow source and 3600 ± 50 kg m À3 for the deep source.
[32] Source parameters for the period of rapid deflation are given in Table 4 . Source location match within error those obtained for inflation. We can hence quantify the depressurization by maintaining the source radii as defined during the inversion of inflation data. We deduce a pressure decrease of 14 ± 1 and 9 ± 1 MPa in the deep and shallow source, respectively. Densities are slightly higher than those obtained for inflation, which my be partly due to the fact that the gravity data for deflation has not been corrected for possible water table/hydrothermal system fluctuations. Vertical displacements are mainly caused by the shallower source, the deeper source however contributes chiefly to the observed gravity changes (Table 5 ). The goodness of fit to the deformation data is almost a factor of 4 better than that to the gravity data, a marked difference to the inflation data (Table 3) .
[33] Results for slow deflation are shown in Tables 6 and  7 , displaying a significant discrepancy in source locations compared to results from the previous inversions. While source 2 remains within errors at the same location, (including a similar source density), source 1 is located at the western edge of the CFC at a depth of 1100 ± 50 m. We deduce a density of 3800 ± 50 kg m À3 based on a volume change of 1.7 Â 10 6 m 3 for this source. More than 90% of the vertical deformation and gravity residual data is however explained by volume/mass changes in source 2. Source 1 only contributes significantly to the data obtained at one benchmark. The overall goodness of fit to the data obtained during slow deflation is poorer than those obtained for the previous periods. Goodness of fit to the gravity data is a factor of 7 lower than that to deformation data (Table 7) . It is perhaps worth noting that inverting for two stacked Mogi sources similar to the framework applied for inflation and slow deflation results in a significantly poorer quality of fit of c 2 = 6.75.
Refining Pressure Changes via Finite Element Modeling
[34] The modeling results obtained from the solution of the inverse problem fit the data reasonably well. However, caution is required because the analytical solutions employed to invert the observed data are likely to entail several causes of errors. First, the resulting shallow sources are rather close to the free surface. Predictions of the Mogi model strongly depend on the validity of the point source hypothesis, i.e., on the source radius to source depth ratio . For values of < 0.25 differences are negligible, for values of 0.25 < < 0.5 differences lie in the range of centimeters (within the precision of the employed deformation measurements) and, finally, for > 0.5 differences can be more than 30% [Folch et al., 2000] . Second, there may be a near-field interference of the displacement and gravity fields of both sources. Finally, the topography of the CFC area can, though to a minor extent, influence the results.
[35] In order to validate and improve the Mogi fit, the elasticity equations have been solved numerically via a finite element method with nodal implementation [Codina and Folch, 2004] . The best fitting scenarios for both inflation and deflation periods have been discretized using tetrahedral elements and incorporating also the topography of the CFC area. Meshes contain approximately one million elements. The computational domain consists of a cylinder centered on the point of maximum observed uplift. The radial and subsurface extents are 12 km and 20 km, respectively. These limits are sufficient to ensure that displacements and gravity residuals vanish at the computational margins. To validate boundary conditions, pressure is prescribed within the sources and the zero traction condition is imposed at the Earth's surface.
[36] Numerical solutions using the parameters reported in Table 1 show statistically significant differences with respect to the Mogi predictions for the period of inflation. For instance, numerical solutions assuming an overpressure of 40 MPa in both sources give a maximum uplift of 2.91 m compared with 2.13 m predicted by the Mogi model. The relative error is therefore 36%. This difference could be expected a priori and is consistent with the value of = 0.68 for the shallow source. The main implication is that the analytical best fit actually overestimates the pressures required to account for the gravity-height data. The numerical pressure refinement results in overpressures of 42 and 33 MPa for the deep and shallow source, respectively.
[37] The relative difference between the maximum ground subsidence derived from numerical modeling compared to the analytical solution for the period of rapid deflation is about 30%. Because of the smaller absolute values of the pressure decreases obtained for rapid deflation compared to inflation, this error results in a correction of around 1 MPa for both sources, which we deem insignificant.
[38] A significant correction however results for the pressure changes in the shallow sources proposed to account for slow deflation. With values of = 0.54 and 0.76 for the shallow and deep sources, respectively, the numerical simulation gives a maximum subsidence of 0.93 m for pressure decreases of 25 and 9 MPa (Table 7 ) compared to 0.55 m derived from the analytical fit. The relative difference is therefore 69%. The best fit from the numerical refinement is obtained for pressure decreases of 20 MPa and 8 MPa for the shallow and deep sources, respectively.
Summary and Discussion
[39] Gottsmann et al. [2006a] showed that a prolate spheroid source of dilatation provides the best fit to the vertical (and sparse radial) displacements measured at CFC between 1981 and 2001. On this basis, we have first inverted gravity data for this single source. The results indicate a source density of about 1600 kg m À3 for inflation. The density deduced for rapid deflation is indicative of a magmatic source ($3000 kg m À3 ), a source density of 1900 kg m À3 is obtained for the period of slow deflation. However, the latter inversion results suffer from a poor quality of fit to the observed residual gravity changes. In order to assess individual contributions from magmatic and hydrothermal components we performed a joint gravity and height change inversion for two separate spherical sources. Finally, and in order to circumvent limitations of analytical solutions from spherical source models, we refined the inversion fits by means of numerical methods, which allows us to account for effects such as source extension and topography. Cumulative qualities of fit from the individual inversions to all periods of observations are compiled in Table 8 . Following equation (3) for inflation (1981 -1984) and rapid deflation (1985 -1987) , n = 16 and m = 12 for single source inversion, respectively. For slow deflation (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) , n = 18 and m = 12. For two-source inversion values of n are the same as for the single source case, but m = 10 for all periods of observation.
[40] Results for single and multiple source scenarios converge for the periods of inflation and rapid deflation. The best fit results for two subvertically stacked spherical sources match those derived from a single inclined spheroidal source model [Gottsmann et al., 2006a] . Volume changes for the two separate sources are about 20% less Berrino et al. [1984] , Berrino [1994] , and Gottsmann et al. [2003] . Solid circles and rectangles represent surface projections of the centers of sources 1 and 2, respectively. Source parameters and fit values are reported in Tables 3 -7. (top) Inflation (1982 -7. (top) Inflation ( -1984 ; isoline distance for vertical ground deformation (U z ) is 0.25 m and for residual gravity change (Dg r ) is 10 mGal. (middle) Rapid deflation (1985 -1987) . (bottom) Slow deflation (1988 Slow deflation ( -2001 . For both periods, isoline distances are À0.05 m for U z and À2 mGal for Dg r . than those calculated for the single spheroid source, the average density derived from the two sources (2500 kg m À3 ) is higher than the density constraint obtained for the single source. This is due to the fact that the mass change in the spheroid occurs within by a larger volume change resulting in a lower overall source density. However, the density values of the two spherical sources are indicative of a deep magmatic and a shallow hydrothermal source. We see that decoupling the spheroid into two separate sources provides an acceptable and physically realistic model to account for the observed deformation and gravity changes between 1981 and 1987, despite the simplifications entailed in the modeling concepts as outlined below.
[41] Results obtained for the period of slow deflation show a marked discrepancy between the single and multisource solutions. More than 90% of the vertical deformation data measured during this period can be explained by a single shallow source with matching parameters of the hydrothermal source deduced for the preceding periods. We conclude that dominantly hydrothermal mass/volume changes within a shallow source can explain the observed deformation and gravity change pattern between 1988 and 2001. In fact the single spheroid source provides a better global fit to the observed data (Table 8) , including a significantly smaller causative pressure decrease (Table 1) . It is however important to note that source parameters deduced for the period of slow deflation are very much biased on the time interval under investigation. In our analysis we have compared the two datums 1988 and 2001. Inverting for example the time series 1992 -2000 would result in modeling a shallow (hydrothermal) source located at the western edge of the Bay of Pozzuoli [Gottsmann et al., 2006b] . A similar source location was proposed by Avallone et al. [1999] for the period 1994-1997 based on the inversion of InSAR data. It appears that the background mode of deflation is somewhat governed by individual sources active randomly in time and space within the caldera bounds [Gottsmann et al., 2006b] . Key candidates for this scenario are shallow hydrothermal systems within individual crustal blocks each with different longterm vertical displacements due to the dissection of the Pressure change for source 1 is calculated based on a source radius of 600 m; see text for details and equation (7). Pressure change for source 2 is based on the source radius listed in Table 2 . caldera floor during resurgence during the last 10 kyr [Orsi et al., 1996] .
[42] Despite the geologically plausible results obtained from both separate and joint data inversions we have to discuss several limitations of the models employed in particular for the deduced pressure changes. First, within the concept of elastic rheology, there is a high degree of uncertainty in the value of rigidity. Although our solutions indicate pressure changes within the limits of the tensile strength of the country rock, assuming a rigidity of 5 GPa instead of 10 GPa would result in a 50% decrease in the inferred changes. Such a rigidity appears to be a realistic value for the case of the caldera fill successions at CF [Vanorio et al., 2003 [Vanorio et al., , 2005 .
[43] Second, viscoelastic relaxation can play an important role in deep-seated magmatic sources. For example, a viscoelastic halo around the deep source might reduce the deduced pressure changes by up to 1 order of magnitude [Newman et al., 2001; Fernandez et al., 2001b] .
[44] Third, medium heterogeneity in the form of structural discontinuities (e.g., faults) have significant effects on both deformation and gravity fields during volcanic unrest. Recent studies [De Natale et al., 1997; Beauducel et al., 2004; Folch and Gottsmann, 2006] have highlighted the amplification and the restriction of deformation caused by subsurface volume changes to within the area fringed by caldera boundary faults. Failure to account for this influence in models assuming a homogenous medium such as those employed in this study may result in overestimation of source pressure changes of up to 300% [Folch and Gottsmann, 2006] .
[45] We thus conclude that given the probability of (1) a crustal rigidity at the CFC lower than that assumed in this study, (2) viscoelastic relaxation around the deep source, and (3) an influence of faults on the deformation pattern, our results have to be interpreted to provide maximum values of source pressure changes.
[46] Accounting for medium discontinuities during the period of inflation, the inversion for the two spherical sources gives a density of 400 kg m À3 for the shallow source and 2400 kg m À3 for the deep source, based on a Bouguer density correction of 2000 kg m
À3
. Again these results are consistent with a hybrid scenario: a deeper seated magmatic mass input (point mass) coupling into a shallow pressure source (center of expansion) associated with a negligible mass change.
Conclusions
[47] The multiple source data inversion performed in this study provides geologically plausible models of the causative subsurface processes of unrest at the CFC between 1981 and 2001. We propose a combination of hydrothermal and magmatic activity to account for both inflation and rapid deflation. Since 1988, density and pressure changes in shallow hydrothermal sources appear to govern slow deflation as well as the short-term reversals in the deformation trend [Gottsmann et al., 2003; Gaeta et al., 2003] . Our results are compatible with other observations during the investigated period such as seismicity [Aster and Meyer, 1988] , borehole data [Chelini and Sbrana, 1987] and geochemical investigations [Martini, 1986] .
[48] Campi Flegrei is a complex caldera structure where in addition to potential source multiplicity, a heterogeneous subsurface medium associated with partly nonelastic behavior and structural discontinuities may contribute individually to the observed unrest. Continued elevation and gravity monitoring during the current phase of slow subsidence must provide critical baseline data on the background behavior at the caldera against which ''anomalous'' future behavior may be compared for hazard assessment and risk mitigation.
